Multiple transposition procedures have been described for management of lateral rectus palsy. However, relative effect and indications of each procedure are unclear. This systematic review was planned to evaluate functional and anatomical outcomes of vertical rectus transposition (VRT) surgery in patients with lateral rectus palsy. We searched databases in English language, namely, MEDLINE, PubMed Central, EMBASE, Google Scholar, Scopus, and Index Copernicus without any date restrictions in electronic searches, using the search words `vertical rectus transposition for lateral rectus palsy," "vertical rectus transposition for abducens palsy," "superior rectus transposition," "inferior rectus transposition," and "Hummelsheim procedure." References of the selected publications were also searched to find any relevant studies. We searched for studies that provided data on single VRT and double VRT surgeries for lateral rectus palsies. Three authors independently assessed the related studies gathered from electronic and manual searches. We found 27 studies which were relevant to the review question. As there were no randomized control trials (RCTs) available related to our study question, nonrandomized studies were used to arrive at summarization of outcomes of different transposition procedures. There is a need for prospective RCTs to investigate the different types of transposition procedures for lateral rectus palsy.
The management of lateral rectus (LR) palsy is evolving. Numerous studies have published different surgeries involving single or multiple groups of muscles, to tackle the deviation and/or movement limitation, including vertical recti muscles. While all these vertical rectus procedures have shown significant correction in primary gaze, efficacy of each procedure is unclear. This review has been conducted to look into details of patient groups included in the surgical studies, their outcomes, and the complications to determine the effect of vertical rectus transposition (VRT) surgery in patients with lateral rectus palsy.
Methods

Types of studies
All studies published in English literature till 30 September 2018 relevant to our study question were included. After an extensive search, while no randomized control trial (RCTs) were found related to it, we also looked at studies that did not perform randomization to allocate patients to treatment groups. Many of the reports represented small case series of one single type of procedure. Few studies were found to be comparative, dividing the outcomes based on two or three different surgeries. In these studies, we only considered the findings of the participant subgroups that satisfied our inclusion criteria and were relevant to our review question.
Types of participants
We included studies having patients with the following characteristics:
• Cases of chronic lateral rectus palsy • At least some kind of transposition procedure performed in all patients.
Studies having patient population with the following characteristics were excluded:
• All other causes of esotropia • Patients with Duane's retraction syndrome.
Types of interventions
We included studies that evaluated interventions for lateral rectus palsy, with specific therapeutic interest being transposition of vertical recti muscles. Acceptable surgical interventions included any transposition procedure used to achieve the goal of reaching ocular alignment. In cases where multiple surgeries had been performed, the primary application of transposition procedure was the defining criterion for determining eligibility.
Types of outcome measures Primary outcomes
The primary outcome for comparison in this review was the amount of correction achieved by individual transposition procedures.
Secondary outcomes
The following secondary outcomes were compared:
• Improvement of abduction function • Improvement of binocular visual field • Complications related to each type of intervention.
Search methods for identification of studies
The databases that were searched to look for relevant literature in English language were MEDLINE, PubMed Central, EMBASE, Google Scholar, Scopus, and Index Copernicus without any date restrictions in electronic searches, using the search words "vertical rectus transposition for lateral rectus palsy," "vertical rectus transposition for abducens palsy," "SRT," "superior rectus transposition," "inferior rectus transposition," and "Hummelsheim procedure." The last search of databases was performed on 30 September 2018. Manual search was also performed from the relevant references in the reviewed studies.
Study selection
All titles and abstracts were independently reviewed by three authors who identified studies from searches which met the inclusion criteria for the review. We obtained full-length articles for all literature adjudged to be extremely relevant for our study and three authors independently rated them to determine their eligibility of inclusion. Data were analyzed using IBM SPSS Statistics for Windows, Version 21.0. (Armonk, NY: IBM Corp) to determine the weighted averages of the concerned data.
Results
Results of the search
We obtained 27 surgical studies from the databases, which were found relevant to be included in this review. Of these studies, only one study reported comparison between single and double vertical rectus transpositions (dVRTs), but it was not an RCT. [1] A list of the studies which were found relevant to the review question has been tabulated in Table 1 with the clinical outcomes. An analysis of the ranges of corrections of the different surgical procedures has been demonstrated in Table 2 . We calculated the weighted average of the mean correction in esodeviation achieved in the studies.
Discussion
The aim of the current review was to compare the outcomes of various surgeries reported in published studies so that the effect of each procedure could be evaluated. In the absence of any prospective RCTs evaluating the different types of transposition procedures for lateral rectus palsy, other type of studies were included. The main difficulty in comparing these studies was that the severity of lateral rectus palsy was quite variable among the different patient groups. Moreover, the outcome measures after transposition surgeries have also been differently reported as mean esotropia correction, residual esotropia, change in binocular visual field, and/or improvement of abduction function. The different types of transposition surgeries have been divided for the ease of understanding in the following manner. Fig. 1 summarizes these different options of surgeries available from literature.
Full-tendon double vertical rectus transpositions (dVRTs)
Full-tendon dVRT has been believed to be more effective than partial tendon dVRT, although there is always a risk of anterior segment ischemia in case of any additional interventions on horizontal recti. Rosenbaum et al. have described full-tendon dVRT without disinsertion of muscles, thereby sparing the ciliary vessels. [28] This technique of shifting the bellies of the two vertical recti closer to the anterior border of the lateral rectus muscle has also been elaborated by Hendler et al. and Nishida et al. [4, 6] 
Partial tendon double vertical rectus transpositions (pVRTs)
This involves transposition of partial tendons of superior and inferior recti to the paretic lateral rectus. The advantage of a partial tendon transfer is that at least one ciliary vessel (nasal) on each of the vertical rectus is spared, which reduces the possibility of anterior segment ischemia. This may also allow for a simultaneous or a subsequent recession of the ipsilateral medial rectus (MR) muscle especially in cases where the forced duction test is tight for the MR. [15] The authors have reported that subjectively more consistent and predictable outcomes are obtained with pVRT combined with medial rectus recession (MRc) than a full-tendon transposition procedure. Representative images of partial tendon double VRT are shown in Fig. 2 .
Additional procedures (MR recession/chemodenervation/ posterior fixation suture)
Simultaneous ipsilateral MR recession (MRc) or chemodenervation of the MR muscle may be synergistic to the effect of VRT. While chemodenervation weakens the antagonist and reduces the risk of anterior segment ischemia, the effect may wane over a period of time. However, Bansal et al. demonstrated that it is not essential to recess the MR muscle along with VRT and that it may be needed only in cases Simons et al. [8] Full-tendon double VRT with post augmentation
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Volume 67 Issue 11 of a tight MR. [14] The posterior augmentation suture technique was demonstrated by Foster, to significantly reduce the need for ipsilateral MRc, thereby minimizing the risk of anterior segment ischemia. [10] A modified augmentation suture by Struck, which requires just one posterior suture instead of two, has shown similar efficacy as the original technique with added advantage of minimal risk of lateral slippage of muscles and a resultant unwanted vertical deviation. [2] A single article by Kinori et al. has evaluated lateral rectus (LR) plication along with MRc and posterior augmentation with partial tendon double VRT. [27] The included abducens palsy patients in this study had preoperative esotropias mostly in the range of ~95 prism diopter (p.d.), which after corrections led to residual esotropias and consecutive exotropias, and the results were quite variable.
Single VRT (superior rectus/inferior rectus)
Superior rectus transposition (SRT) was described by Johnston et al. as an alternative to dVRT to reduce the risk of anterior segment ischemia. [1, 6] It has been compared to isolated MR recession procedures and has been seen to have significantly greater improvement in abduction along with long-term alignment. [29] Representative images of SRT are shown in Fig. 3 .
Inferior rectus transposition (IRT) was first described by Velez et al., who stated that IRT may address both the esotropia and hypertropia by intervening a single vertical rectus muscle in patients with lateral rectus palsy with a preexisting hypertropia. [24] None of the single VRT patients have shown postoperative symptomatic cyclotorsional diplopia or significant vertical tropias. A single nonrandomized study comparing patients undergoing single VRT with simultaneous MRc against those undergoing double VRT is included in the review and is discussed separately. [1] A median correction of 36.4 p.d. was found in the SRT + MRc group versus 45.4 p.d. in the double VRT group. Limitation of abduction improved from −4.6 to −3 in SRT group against an improvement of −4.5 to −3.8 in VRT group. There was no residual eso-or exotropia in primary gaze in any patient. However, there appears to be a selection bias in the population with VRT group having larger preexisting esodeviation (55.6 p.d.) than the SRT with MRc group (41.9 p.d.).
Correction achieved along with their weighted averages by various combinations of surgeries described in the studies included in this review is provided in Table 2 . Maximum correction effect was seen in partial tendon double VRT with posterior augmentation (58.25 p.d.), followed by partial tendon double VRT with MRc (46.92 p.d.). Simultaneous additional procedures (posterior augmentation and MRc) to pVRT also appeared to have significant additional effect [ Table 2 ]; however, only a single study [16] has evaluated it. Surprisingly, full-tendon double VRT procedures appear to have lesser overall correction effect than partial tendon double VRT procedures. Our analysis shows that a partial double VRT procedure with MRc may be preferred over a full-tendon VRT to achieve higher esodeviation corrections, as the latter even with additional procedures shows lower mean correction. [22] Single VRT (SRT) + post augmentation + MRc 15 55.54±24 9.9±10 69 −5 −3.1 12
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Kinori et al. [27] Rosenbaum et al. have discussed that if the initial esodeviation in primary gaze was more than 20 p.d., augmentation sutures were very effective in correction of esotropia with a residual esotropia of 5 p.d. in the augmentation group against 12 p.d. in the group without augmentation. [27] While our analysis also shows that augmentation sutures are synergistic to the transposition procedure, MR weakening also significantly enhances its effect and being adjustable has an added advantage of providing better postoperative alignment. Though intraoperative chemodenervation may have similar effect as MRc, the effect may be transient lasting for up to 3 months and may wean off by 12 months. [19, 20] According to our analysis, single VRT with MRc appears to be an effective procedure (mean correction = 44.05 p.d.) and has lower risk of anterior segment ischemia along with the Full-tendon double VRT without augmentation [1, 4, 5, 14] 20-36 34.71 0.39
Full-tendon double VRT with post augmentation [2, 4, 5, 7, 8, [10] [11] [12] 25.8-43 38.05 1.62
Full-tendon double VRT with Botox [18] [19] [20] 30-66 41.74 0.58* Full-tendon double VRT with post augmentation + MRc (single paper) [7] 40.3
Partial tendon double VRT without augmentation [3, 4, 6] 25.1-44.7 31.99 2.72
Partial tendon double VRT with post augmentation [9, 13] 37-62.7 58.25 0.29* Partial tendon double VRT + MRc [6, 15, 17] 37-52 46.92 1.35
Partial tendon double VRT with post augmentation + MRc (single paper) [16] 51.08
Partial tendon double VRT with post augmentation + LR resection + MRc/chemodenervation (single paper) [27] Variable corrections reported (residual esotropia to consecutive exotropia)
Single VRT + MRc [1, 23, 25] 34. 8-45.4 44.05 0.84
Single VRT + post augmentation [24, 26] 19.6-38.7 27.03 1.82 Single VRT + post augmentation + MRc [21, 22] 36. opportunity of postoperative adjustment. From Table 2 , we can observe that augmented suture with single VRT does not appear to significantly affect the amount of correction achieved. A recent study by Liu et al. has evaluated the outcomes of SRT with posterior augmentation sutures and investigated the prognostic factors for predicting successful outcome. [25] They found that preoperative abduction deficit was the only important prognostic factor towards a successful outcome. They also evaluated IRT as an additional procedure in patients with residual esotropia and the success rate after second surgery improved from 46% to 100%. As single VRT is increasingly becoming the first choice for lateral rectus palsy, the question of whether IRT or MRc should be chosen as the secondary surgery for residual esotropia needs further investigation. Table 1 also tabulates the improvement of binocular single vision reported in the studies; however, no quantification could be done since none of the studies has reported the fields quantitatively. Rosenbaum et al. have reported that binocular field of vision improves significantly more with transposition procedures compared with MRc with lateral rectus resection for abducens palsy. [28] Addition of posterior augmentation sutures may further increase the binocular field of vision. [7, 12] Similarly, residual face turn may also be significantly smaller with augmentation sutures. [7, 12] Moreover, torticollis correction has been reported in two studies, and Velez et al. have reported a correction of 27° of torticollis. [2, 24] The most important concern with single VRT alone has been the possibility of induced vertical deviations and torsional diplopia. Patients particularly at risk for these complications include younger patients and patients with preoperative hypertropia or incyclotropia. [30] Lee and Lambert found that two patients in the SRT group who had small angle hypertropia preoperatively showed a resolution of the same after surgery. However, none of the patients reported any torsional diplopia postoperatively. Although lateral transposition of SR during SRT is expected to theoretically cause incyclotorsion, significant clinical torsional deviation has not been documented in literature till now. [21, 31] Velez et al. have reported incyclotorsions with IRT which were not clinically significant. However, it is important to note any preexisting incyclotorsion in patients that can get aggravated following the intervention. [30] The effect on abduction improvement after the procedures is difficult to assess as there is great variability in its evaluation and reporting in the various studies. However, augmentation sutures do seem to enhance abduction particularly in single VRT procedures. [1] Quality of the evidence and biases Three independent authors applied an extensive search method to identify relevant studies, which included multiple sources like electronic literature databases and citation lists to avoid missing any study which might be relevant. However, we could not account for the studies in other languages which might have been missed from inclusion in this review. The nonrandomized studies which were identified as relevant to the study question contained mild underlying differences among groups on grounds such as age groups, differences in duration of follow-up, reasons for not completing recommended follow-up period, and difference in scale for evaluation of abduction limitation. The criterion for inclusion for all the studies was alignment at the last follow-up, and the amount of correction achieved was compared among the studies. It is clear from the review that while there is no rigorous evidence with regard to preferring any particular type of transposition procedure, partial tendon double VRT with augmentation or MR recession and single VRT may be preferred, depending on preexisting esodeviation and also experience and choice of surgeon.
Conclusion
The aim of this review was to look at the effect of transposition procedures for the management of lateral rectus palsy. In the absence of any good quality RCTs, this study has evaluated nonrandomized case series and summarized the impact of different procedures with relation to transposition surgery. Till well-designed RCTs are available, it may be advisable that surgeons continue practicing a case-based approach in deciding the choice of surgery based on the available evidence and their own experience and expertise.
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